Conjugational recombination in Escherichia coli depends normally on RecBCD enzyme, a multifunctional nuclease and D)NA helicase produced by the recB, recC, and recD genes. However, recombination can proceed efficiently without RecBCD in recB or recC strains carrying additional mutations in both the sbcB and sbcC genes. Recombination in these strains, sometimes referred to as the RecF pathway, requires gene products that are not essential in the RecBCD-dependent process predominating in the wild type. It has also been reported to produce a different spectrum of recombinant genotypes in crosses with Hfr donors. However, the sbcC+ gene was unknowingly transferred to the recipient strain in some of these crosses, and this may have affected the outcome. This possibility was examined by conducting parallel crosses with Hfr donors that were either wild type or mutant for sbcC. Transfer of sbcC+ from an Hfr donor is shown to alter the frequency of recombinant genotypes recovered. There is a severe reduction in progeny that inherit donor markers linked to the sbcC+ allele and an increase in the incidence of multiple exchanges. Colonies of mixed genotype for one or more of the unselected proximal markers are also much more prevalent. Since the yield of recombinants is lower than normal, these changes are attributed to the reduced viability of recombinants that inherit sbcC+ from the Hfr donor. When the Hfr donor used is also mutant for sbcC, the yield of recombinants is greater and the frequencies of the different genotypes recovered are similar to those obtained in crosses with a rec+ sbc+ recipient, in which transfer of sbcC' has no apparent effect. Earlier studies are re-examined in light of these findings. It is concluded that, while recombination in recBC sbcBC strains involves different enzymes, the underlying molecular mechanism is essentially the same as that in the wild type.
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Escherichia coli K-12 strains that are mutant for the recB, recC, sbcB, and sbcC genes (recBC sbcBC genotype) have been used widely for the analysis of homologous recombination (9, 27) . The recB and recC mutations inactivate RecBCD enzyme, a multifunctional protein complex with nuclease (exonuclease V) and DNA helicase activities (38) . On their own, these mutations prevent the recovery of recombinants from conjugational and transductional crosses, increase sensitivity to UV light and ionizing radiation, and reduce cell viability (4, 11, 41) . In recBC sbcBC strains, they are suppressed indirectly by the combination of sbcB and sbcC mutations (18) . The sbcB mutation inactivates exonuclease I, the product of sbcB (15, 16) , which digests single-stranded DNA in the 3'-to-5' direction (17) . sbcC encodes a 118-kDa polypeptide of unknown activity (30) , although there is indirect evidence that it may be a nuclease that attacks palindromic DNA (5, 13, 14, 30) .
Recombination in recBC sbcBC strains is blocked by mutations in recF, recJ, recN, recO, recQ, recR, and ruv (8, 9, 20) . Because these genes are not essential for recombination in the wild type, the idea emerged that recombination in recBC sbcBC strains proceeds by a radically altered mechanism which has become known as the RecF pathway to distinguish it from the RecBCD (originally RecBC)-dependent process predominating in the wild type (6, 7) . This idea was supported by differences in the spectrum of recombinant genotypes produced in Hfr crosses and in the kinetics of recombination. Thus, with recBC sbcBC strains, Mahajan and Datta (28) observed a much higher proportion of recombinant colonies containing cells with different alleles at the same unselected locus (clonal heterogeneity). They also saw what appeared to be an increase in the incidence of multiple crossovers between donor and recipient DNAs and a much delayed replication of the recombinant cells generated. On the basis of these observations, they proposed that the wild type integrates largely duplex fragments of Hfr DNA into its chromosome, whereas recBC sbcBC strains integrate long sections of single-stranded DNA to form a heteroduplex in which mismatched sites are subject to independent correction. Similar changes in the kinetics of recombination and in the incidence of crossovers were also reported by Bresler et al. (2) and by Lloyd and Thomas (24, 25).
The observations reported in these previous studies have been used more recently to support the idea of mismatch repair via the RecF pathway (12) and to propose a mechanism for integrating short chunks of DNA in conjugational crosses (34) . However, it is clear with hindsight that several of the Hfr crosses reported by Mahajan and Datta (28) and by Lloyd and Thomas (24, 25) must have involved the transfer of sbcC+. Lloyd and Buckman (18) showed that recBC sbcB (sbcC+) strains grow very slowly, have a lower cell viability than recBC mutants, and are somewhat deficient in recombination. Since sbcC+ is dominant (18, 30) , Hfr transfer of this allele to recBC sbcBC recipients is likely therefore to have a profound effect on the outcome of the cross. The results presented here show that this is indeed the case and that the conclusions drawn from earlier studies need to be re-examined.
MATERIALS AND METHODS
Strains. The E. coli K-12 strains used are described in Table 1 . XDRL116 (pal571 Aspi6 cI857) carries a 571-bp palindrome (5) .
Media and general methods. Luria-Bertani (LB) broth and 56/2 salts media were used as described previously (22) . The LB medium contained 0.5 g of NaCl per liter except for matings, for which the salt concentration was increased to 10 ' F-leuB6 proC32 lacZ118 ara-14 rpsL109 thi-J metE70 lacI3 mtl-l xyl-5 gyrA supD rpsE.
d These strains are related to KL266 (22) . Their derivations are described in detail in the references cited.
e F-leuB6 proC32 lacZ36 ara-14 rpsL109 thi-J metE70 cysC43 mtl-I xyl-5 rpsE2015.
g/liter. Mitomycin C (Sigma) was incorporated into LB agar at a concentration of either 0.2 or 0.5 ,ug/ml. 56/2 agar contained 40 ,ug of X-Gal (5-bromo-4-chloro-3-indolyl-3-Dgalactopyranoside) per ml and 22 jLg of IPTG (isopropyl ,B-D-thiogalactopyranoside) per ml for the detection of lacZ+ cells. Stocks of XDRL116 were propagated on strain JC7623 by using the media and protocols described by Silhavy et al. (33) .
Matings. Hfr donors were mated with F-recipients in high-salt LB broth by using procedures described in detail elsewhere (21, 23) . Matings were for 60 min at 37°C, with a donor-to-recipient ratio of 1:10. Colonies of recombinants were selected on 56/2 agar supplemented as described by Low (26) and containing 100 jig of streptomycin per ml to counterselect donor cells. In matings with the metB Hfr, N2373, the selective plates used also contained methionine. Cell viability was measured by counting the number of CFU in the recipient cultures at an A650 of 0.4 by using 56/2 agar selective for nonrecombinant cells.
Analysis of unselected markers. Recombinant colonies from Hfr crosses were regrown in regular arrays on selective agar, and unselected markers were scored after replica plating onto suitably selective diagnostic media. sbcC+ recombinants segregating in crosses with recBC sbcBC recipients were scored by their sensitivity to mitomycin C (18) . sbcC recombinants segregating in crosses with rec+ sbc+ recipients were scored by their very poor growth on LB agar spread with 107 to 108 PFU of phage XDRL116, which grows well on sbcC mutants but very poorly on sbcC+ strains (5) . Recombinants containing cells of both donor and recipient genotypes for one or more of the unselected markers were scored as mixed colonies. In the crosses described in Table 4 the recB sbcBC recipient. They also confirm that colonies of mixed genotype form an increased fraction of the total. From the data presented, it is clear that transfer of sbcC+ has a substantial effect on the types of recombinants recovered in Hfr crosses with recBC sbcBC strains. The reduced linkage of unselected proximal markers and the higher incidence of multiple exchanges raise the possibility that expression of the dominant sbcC+ allele (18, 30) a The analysis was as described in the footnotes to Table 2 except that the ara marker was not scored and the locations of genetic markers and crossover intervals are as shown in Fig. 2 . The results are means of two (N1349 recipient) or three (N2415 recipient) independent matings, with samples of 500 recombinants being analyzed from each mating.
An alternative explanation is that a large proportion of the sbcC+ recombinants (i.e., the majority of those with a crossover in interval 4 as shown in Tables 2 and 3 ) fail to be recovered from the population of recombinants formed initially because of their inviability. The reduced yield of Leu+ colonies in the relevant crosses (cross 2 in Tables 2  and 4 ) is very much in accord with such a loss. The matings were conducted in parallel so that samples of the same recipient cultures were mated with the two different Hfr donors. To account for the changes observed, between two-thirds and three-quarters of the sbcC+ (Leu+) recombinants formed initially would have to die. Such a substantial loss would be consistent with the much-reduced viability of the recBC sbcB (sbcC+) genotype reported by Lloyd and Buckman (18) .
Transfer of sbcC+ would also be expected to reduce the (28) or Lac' (25) recombinants.
The formation of recombinants in these crosses is therefore likely to have been affected by the transfer of sbcC+, which lies close to lac. Distal markers close to a selected marker are inherited with high frequency, as in the case of ara in the experiment shown in Table 2 .
The data presented here do confirm that colonies containing more than one recombinant genotype are somewhat more prevalent in crosses with recBC sbcBC recipients than with the wild type. However, there is no particular reason to suppose that these are the result of mismatch correction at some heteroduplex sites but not others, as proposed by Mahajan and Datta (28) . In studies to be described elsewhere, mutations that inactivate the known mismatch repair systems have been shown to have very little or no effect on the frequency of mixed colonies in crosses with the wild type. These colonies could arise just as easily from repeated rounds of recombination in the transconjugant cell (42 Table 3 . Arrow, Hfr origin of DNA transfer. and this may allow more opportunities for secondary recombination.
In conclusion, there is no compelling evidence from Hfr crosses to suggest that the formation of recombinants in a recBC sbcBC strain is very different from that in the wild type. It involves different enzymes, but the majority of recombinants in both cases arise from a pair of exchanges located at either end of the transferred DNA fragment, with the result that mainly duplex Hfr DNA is integrated into the recipient chromosome in one large piece as described by Lloyd and Thomas (25) . More recently, Smith (34) introduced the term "long chunk integration" to describe this type of recombination and to distinguish it from the short chunk recombination seen in the minority of cases in which recombinants appear to arise by a pair of close exchanges, one on either side of the selected marker. From the studies reported here, there is no basis for thinking that short chunk integration predominates in recBC sbcBC cells. There are changes in the frequencies of crossovers in certain intervals, but these are relatively minor and may reflect the inability of recBC sbcBC strains to respond to Chi sequences in the DNA (10, 36) . In the wild-type, the RecBCD enzyme enters DNA at duplex ends and after encountering a Chi sequence is able to promote exchanges at some distance away (35, 37, 39) . In the absence of RecBCD, other enzymes may be able to act on duplex DNA ends to produce the single-stranded DNA needed by RecA to initiate recombination, as has been suggested by Umezu et al. (40) 
